Objective: To determine effects of allopurinol administration on outcomes following intracardiac repair of tetralogy of Fallot (TOF).
) between the allopurinol and placebo groups.
Central Message
Administration of allopurinol in patients undergoing tetralogy of Fallot repair is associated with lower inotropic scores, less mechanical ventilation, shorter intensive care unit and hospital stays, and favorable biochemical markers of inflammation.
Perspective
Fifty patients undergoing TOF repair were randomized to 2 groups of 25 each: the allopurinol group, in which patients were administered allopurinol, and the placebo group. Allopurinol administration was associated with reduced inotropic scores, duration of mechanical ventilation, intensive care unit and hospital stay, and favorable biochemical markers of inflammation.
See Editorial Commentary page 344.
Cardiopulmonary bypass (CPB) is known to stimulate both the systemic and pulmonary inflammatory responses that may delay postoperative recovery in children undergoing heart surgery. 1, 2 Cyanosis and chronic hypoxia are the most common preoperative physiologic stressors in pediatric cardiac patients as well as important causes of adverse outcomes. 1, 3 In comparison to the acyanotic population, cyanotic patients demonstrate inferior myocardial protection even after cardioplegia, with comparatively shorter ischemic intervals. 4 Despite several metabolic adaptive mechanisms in cyanotic children, hypoxia reduces the antioxidant reserve capacity, thus rendering them more susceptible to the oxidative stress of ischemia (ie, aortic clamping) and reoxygenation (ie, reperfusion). 5 Contact of blood cells with the bypass circuit surface during CPB initiates a systemic inflammatory reaction that may cause organ dysfunction after CPB, particularly in lungs, heart, and brain. 5 During reperfusion of the myocardium after release of the aortic crossclamp (AOXC), reactive oxygen species (ROS) are formed. These can destroy nucleic acids, proteins, and carbohydrates as well as the lipid layer on the cell membrane. 6 This may lead to myocardial dysfunction characterized by endothelial damage, transvascular edema, and reduced compliance of the ventricles. The subsequent low cardiac output syndrome (LCOS) is a cause of perioperative morbidity and mortality after surgical successful repair of cyanotic congenital heart defects like tetralogy of Fallot (TOF). [1] [2] [3] [7] [8] [9] An increasing number of researchers during the past decade have suggested that the enzyme xanthine oxidase (XO), which is a generator of ROS, plays an important role in various forms of ischemic tissue and vascular injuries, inflammatory diseases, and chronic heart failure. [10] [11] [12] Allopurinol is an inhibitor of this enzyme 13, 14 and may decrease ROS, lower markers of myocardial cellular injury, 13, 14 and may improve recovery of myocardial function following CPB. 13, 14 In a previous study 15 involving adult patients undergoing surgery for valvular heart diseases, we demonstrated better postoperative outcomes after preoperative administration of allopurinol. Encouraged by the results of that study, we investigated the effects of preoperative administration of allopurinol on postoperative outcomes following intracardiac repair of TOF.
MATERIALS AND METHODS
Fifty patients (aged 1-14 years) undergoing intracardiac repair for TOF by a single surgeon (ST) at the All India Institute of Medical Sciences, New Delhi, India, between February 2015 and August 2015 were included in this double-blind, prospective randomized study. Informed consent was obtained from the parents or guardians of all patients, the institute ethics committee approved the study protocol (IEC/NP-227/2-13 dated November 9, 2013) and the trial was registered with the clinical trials registry of India (CTRI/2017/03/013692).
Exclusion criteria were TOF with atrioventricular septal defect, absent pulmonary valve, moderate-to-severe ventricular dysfunction, associated anomalous pulmonary venous connections, and emergency surgery.
Sample Size and Randomization
In our experience, on an average, we expect an inotropic score of 18 AE 7 with the placebo in the immediate postoperative period. Allopurinol administration is expected to reduce this score by about 6 (18 AE 7 vs 12 AE 6). 15 To detect this difference to be statistically significant, in a 2-sided test with a ¼ 5% and power of 80%, we required a minimum of 22 subjects in either group. Accordingly, a sample size of 50 with 25 patients in each group was randomized in 2 arms. The randomization list was generated using nQuery advisor version 7.0 (Statistical Solutions Ltd, Boston, Mass). This randomization sequence was transferred to sealed envelopes that were opened just before administration of the drug.
Allopurinol Administration
Both the drug and the placebo were administered orally by nursing staff members. The placebo was prepared in the hospital pharmacy and consisted of sugar tablets identical to the drug tablets. The first dose of the drug was administered orally 12 hours before surgery (10 mg/kg/ dose); the second dose was administered orally with a sip of water in the morning, just before shifting to the operating room; and 3 subsequent doses were administered 12, 24, and 36 hours after surgery through a nasogastric tube. All members of the surgical team, the anesthesiologist, laboratory staff, and the statistician were blinded to the type of drug used.
Anesthesia Technique
Anesthesia technique was standardized for all patients. All patients received cefotaxime 30 mg/kg as antibiotic prophylaxis at the time of placement of the intravenous line. Intravenous induction with 2 mg/kg ketamine, 2 mg/kg fentanyl, and 1 mg/kg rocuronium was used. Sevoflurane with air and oxygen was used for maintenance to maintain minimum alveolar concentration of 0.8:1. Doses of 0.1 mg/kg midazolam, 0.1m g/kg fentanyl, and 0.1 mg/kg vecuronium were used intermittently. A 5-mL sample of blood was obtained after insertion of invasive lines for estimation of baseline levels of biochemical markers.
Surgical Technique and Postoperative Care
Before making the skin incision, venous blood samples were taken in a plain vial. Cardiac output was measured using noninvasive impedance cardiometry method with an Icon monitor (Icon Osypka Medical GmBH, Berlin, Germany). 16 Standard median sternotomy was performed and standard hypothermic (28 C-32 C) CPB was established using aortobicaval cannulation with the aid a nonpulsatile roller pump, membrane oxygenator, and standard extracorporeal circuits. The CPB circuit was primed with fresh blood per standard criteria with or without Plasmalyte-A (Baxter International, Deerfield, Ill) as needed. Heparin, mannitol, and sodium bicarbonate were added to the circuit as required. CPB was carried out at flow rates of 150 to 200 mL/kg/min with cooling at the rate of 1 C per minute and rewarming at the rate of 1 C every 3 minutes. Antegrade del Nido cardioplegia was administered in a single dose of 20 mL/kg. Topical cooling with cold saline solution was used. A hemofilter was always incorporated into the CPB circuit and conventional The vascular septal defect was closed through the right atrium and depending on need, a transannular patch was placed after resection of hypertrophied muscle bundles in the right ventricular outflow. The degree of resection and transannular patching was similar in both groups. Dobutamine (5 mg/kg/min) and sodium nitroprusside (0.5 mg/kg/min) were started electively in all patients before terminating CPB. Hypotension was managed by optimizing fluid status and/or noradrenaline (0.05 mg/kg/min). Adrenaline infusion was started depending on the cardiac contractility. At the completion of the repair, right ventricular pressure/left ventricular pressure was obtained and a value up to 0.6 was accepted. Transesophageal echocardiography was performed in all patients to confirm adequacy of repair and assess ventricular function.
Cardiac Output Measurements
Cardiac output was measured by noninvasive electrical cardiometry using the Icon monitor before starting the surgery, immediately after weaning off CPB, and 6 hours after arrival in the intensive care unit (ICU). Cardiac index values using this method have previously been found to correlate with those obtained using standard invasive cardiac monitoring in adults. 16 
Biochemical Analysis
Three samples for each biochemical parameter were obtained. The first sample was obtained before initiation of CPB, the second sample was obtained immediately after releasing the AOXC and the final sample was obtained 2 hours after termination of CPB. All blood samples were centrifuged and the separated serum was stored at -80 C for preservation of the enzyme system. Whole blood levels of malondialdehyde (MDA), an important indicator of lipid peroxidation, were measured based on the spectrophotometric measurement of the color produced during the reaction of thiobarbituric acid with MDA. The concentration of thiobarbituric acid reactive substances was calculated by the absorbance coefficient of the MDA-thiobarbituric acid complex. 17 Superoxide dismutase (SOD) levels measurement was based on the inhibition of nitro blue tetrazolium reduction by the XO system as a superoxide generator. 18 Interleukin (IL) 6 and IL-b and troponin-I measurements were made using the enzyme-linked immunosorbent assay method.
Postoperative Care
After surgery, all patients were transferred to the ICU and received standard ICU care by the same team that was blinded to the type of drug administered. No steroids or nonsteroidal anti-inflammatory drugs were given throughout the investigation period. Opioids were administered for postoperative analgesia. Inotropic support was optimized as needed, and the dose and duration of the inotropic support was recorded. Postoperatively, clinical parameters assessed were cardiac rhythm, requirement of inotropes, duration of mechanical ventilation, cardiac index, and occurrence of LCOS. The latter was defined per standard criteria that include subjective determination of reduced peripheral perfusion with diminishing urine output and increasing lactate levels with acidosis, and hemodynamic instability despite optimal inotropic support.
All patients had detailed serial transthoracic echocardiograms before being discharged from the ICU for assessment of adequacy of repair and ventricular function. The inotropic requirement was assessed in terms of inotropic score calculated by the following formula 
RESULTS
Out of 25 patients who were administered allopurinol, there was 1 early death. This patient had an uneventful intraoperative course and was extubated in the postoperative period. He had pulmonary hemorrhage followed by excessive mediastinal drainage and was suspected to have cardiac tamponade. At emergency re-exploration, he experienced cardiac arrest and required cardiopulmonary resuscitation and was placed on extracorporeal membrane oxygenation support. However, he could not be weaned off extracorporeal membrane oxygenation and died after 3 days.
As detailed in Table 1 , there were no differences in the demographic, preoperative, and intraoperative characteristics of patients in the groups.
Postoperative Characteristics
Postoperative characteristics are tabulated in Table 2 and only the salient points are described here.
In both groups, intraoperative tranesophageal echocardiography and postoperative echocardiography before discharge from the hospital revealed no residual surgical defects and normal biventricular function. The inotropic scores were significantly lower in the allopurinol compared with the placebo group (mean, 11.04 AE 5.7 vs 17.5 AE 7.83; P ¼ .02). The duration of mechanical ventilation was also significantly lower in the allopurinol compared with the placebo group (mean, 7.08 AE 1.9 hours and median, 6.5 hours vs mean, 9.28 AE 3.98 hours and median, 8 hours; P ¼ .01). We followed a policy of early extubation unless signs of frank LCOS were present.
There were 11 patients in the placebo group who had significant pleural effusions (8 for<2 days and 3 for>2 days). In the allopurinol group, only 5 patients had pleural effusion (1 for > 2 days) (P ¼ .13).
Of the 25 patients in placebo group, 8 had arrhythmias out of which 7 patients had junction ectopic tachycardia, and 1 had sinus tachycardia. In the allopurinol group, 5 patients had arrhythmia of whom 3 had junction ectopic tachycardia, 1 had sinus tachycardia, and 1 had bradycardia requiring temporary pacing. No patient had deranged liver function tests or complete heart block.
No patient in either group demonstrated manifest features of LCOS. However, there were no differences in the cardiac output from the baseline preoperative values and those obtained immediately after termination of CPB. Subsequently, the readings obtained 6 hours after (IQR, 2.9-3.6 L/min/m 2 ) in the placebo group (P ¼ .009). In patients receiving allopurinol, the mean duration of ICU (P ¼ .001) and hospital stay (P ¼ .01) were significantly less. To assess the effects of baseline characteristics on the postoperative clinical outcomes following administration of allopurinol, adjustments were made for the baseline variables. It was observed that the differences in both the groups remained significant. For example, the 
IL-b after CPB 9 (0-13) 0 (0-0) .007
Trop-I before CPB 0 (0-1.2) 0 (0-0) .21
Trop-I after AOCX 10.2 (7-13) 11 (8) (9) (10) (11) (12) .75
Tropo-I after CPB 26 (20-40) 20 (18) (19) (20) (21) (22) (23) (24) .028
MDA before CPB 3 (2-5) 4 (3) (4) (5) .504
MDA after AOCX 6 (5-8) 8 (6) (7) (8) (9) (10) (11) .126
MDA after CPB 11 (10-12) 8 (7-10) <.001
Values are presented as median (interquartile range). Post-CPB samples were obtained 2 h after terminating CPB. SOD, Superoxide dismutase (U/mL); CPB, cardiopulmonary bypass; AOCX, aortic crossclamp; IL, interleukin (pg/mL); Trop-I, troponin-I (ng/mL); MDA, malondialdehyde (pg/mL). Table 3 and Figures 1 through 5 show the results of biochemical assay. The mean preoperative levels of SOD were 4.5 AE 2.08 versus 2.87 AE 1.21 U/mL in the allopurinol and placebo groups, respectively; P ¼ .001). This is consistent with the fact that allopurinol has an antioxidant effect. The levels of SOD at subsequent time points were also higher in the allopurinol group. On average, SOD levels were higher by 1.7 U/mL before CPB (P ¼ .012), 3 U/mL after release of AOXC (P < .001) and 1.26 U/mL 2 hours after termination of CPB (P ¼ .003) in the allopurinol group.
Biochemical Analysis
The mean preoperative levels of IL-6 were on average lower by 3.2 pg/mL before CPB, 21.4 pg/mL after release of AOXC, and 55.9 pg/mL in the allopurinol group. The levels of IL-b pre-CPB were similar in both groups. However, these levels were higher post-AOXC release and 2 hours after termination of CPB by an average of 9.45 pg/mL (P < .001) and 6.28 pg/mL (P ¼ .007), respectively.
Troponin-I levels, which are an indicator of myocardial injury, were no different between the 2 groups until the sample obtained at 2 hours after termination of CPB. At this time point, the average levels were lower by 6.84 ng/mL in patients receiving allopurinol (P ¼ .028). Similarly, the baseline levels of MDA were on average higher in the placebo group by 0.2 pg/mL (P ¼ .504). These levels were subsequently less by 1.04 pg/mL (P ¼ .126) and 2.64 pg/mL (P < .001) in patients receiving allopurinol (Figures 6 and 7) . 
DISCUSSION
Based on our own publication on allopurinol in patients with valvular heart diseases, we tried to investigate the effects of administration of allopurinol on postoperative outcomes in patients with TOF. Clancy and colleagues 20 investigated the effects of administration of allopurinol in patients with complex congenital heart diseases. In this single-center, randomized, placebo-controlled, blinded trial that studied the effects of administration of allopurinol in 350 infants undergoing repair of congenital heart defects under deep hypothermia and circulatory arrest or heart surgery using deep hypothermic circulatory arrest. Allopurinol provided significant neurocardiac protection in higher-risk infants with a diagnosis of hypoplastic left heart syndrome but not in infants with other diagnoses. No adverse effects were noted as a result of allopurinol administration in that study and in ours. Our study did not examine the effects of allopurinol administration in patients with complex diagnoses because our study was limited only to patients undergoing intracardiac repair of TOF because that is the most common subset in our clinical practice. Restricting this study to patients undergoing TOF repair also ensured a uniform patient population in whom the degree of infundibular resection and the need for transannular patches was similar.
The results of our study demonstrate that patients who were administered allopurinol fared better than those who were offered placebo drug in terms of the need for inotropes and shorter ICU and hospital stays.
Randomized studies in adults undergoing coronary artery bypass grafting have demonstrated reduced early mortality and have shown similar benefits 21, 22 along with reduced markers of ischemia and free-radical generation. In our study, we were able to demonstrate a significant reduction in levels of IL-6, troponin-I, and MDA. Cardiac indices were similar in both groups after termination of CPB and improved only 6 hours following surgery in the allopurinol group; however, although echocardiography did not reveal any differences in the functional cardiac parameters in both the groups. The duration of mechanical ventilation was also lower in patients receiving allopurinol. These findings probably signify that the improvement in clinical state and favorable cardiac markers following allopurinol administration may be related to its systemic anti-inflammatory characteristics rather than an improvement in myocardial function.
Compared with normal hearts, ATP production has been shown to be diminished in chronically hypoxic hearts due to reduced oxidation of fatty acids and carbohydrates. 8 This may lead to cell injury and cell death. During heart surgery, exposure of the blood to the extracorporeal circuit activates the complement system and the intrinsic coagulation cascade that ultimately induce the synthesis of proinflammatory cytokines that are intercellular messengers. 23, 24 These changes ultimately lead to generation of superoxide radicals due to accumulation of XO and other ROS-mediated ischemia-reperfusion injury. [25] [26] [27] [28] Allopurinol is known to be an inhibitor of XO, and this effect can be used for clinical benefits. Besides these effects, allopurinol has been shown to improve myocardial oxygen consumption in heart failure 29 and also prolong the time to ischemia during exercise in adults with chronic stable angina. 30 In our study, SOD levels were higher in patients receiving allopurinol. This further reinforces our findings of a significant antioxidant effect of allopurinol. A study from Indonesia also demonstrated increased SOD levels after allopurinol administration in patients with TOF. 31 For many years, MDA has been widely used as a convenient biomarker for lipid peroxidation 18 of omega-3 and omega-6 fatty acids because of its facile reaction with thiobarbituric acid. 17 
FIGURE 5.
Comparison of interleukin b (il1b) levels (pg/mL) between the allopurinol and placebo groups (1 ¼ before cardiopulmonary bypass, 2 ¼ after release of aortic crossclamp, and 3 ¼ after cardiopulmonary bypass). Following CPB, levels of MDA are expected to increase. In our study, we did not observe any significant differences in the first 2 samples, but the levels of MDA were significantly lower 2 hours after termination of CPB in the allopurinol group, signifying that lipid peroxidation with raised MDA levels continue to occur even after termination of CPB and the levels reduce only later. Allopurinol is thus helpful even after termination of ischemia and CPB. However, no adverse events or drug interactions were noted in our study. The former may include hypersensitivity reactions, toxic epidermal necrolysis, Stevens Johnson syndrome, hypotension, gastrointestinal disturbances, dark urine, and jaundice. Important drug interactions include those with chemotherapeutic agents; antibiotics like ampicillin, amoxicillin, and clavunalic acid; and diuretics. Caution must be exercised while using these drugs in patients receiving allopurinol. 32 The drug is inexpensive and the major adverse effects listed above are rare, making it an attractive option in children with cyanotic heart disease who experience chronic hypoxia and have a lower antioxidant reserve. 12 
Study Limitations
The sample size in this study was small. The duration of allopurinol therapy was empirical and we did not obtain preadministration biochemical parameters. The age of patients in this study was considerably older than those encountered at most centers worldwide. In addition, the method adopted for measurement of cardiac index is not yet standardized in children. However, a previous study from our institute has shown cardiac indices calculated by this method to correlate well with standard invasive methods in aduts. 16 Ideally, a large patient population across all ages with simple and complex diagnoses undergoing more frequent biochemical estimations before administration, during and after operation, and continuous invasive cardiac output monitoring is needed to better elucidate the results.
CONCLUSIONS
Allopurinol administration in patients undergoing intracardiac repair of TOF is associated with reduced inotropic scores, duration of mechanical ventilation, and ICU and hospital stays, and favorable biochemical markers of inflammation. These effects translate into improved early outcomes. Further studies in multiple setups are needed for confirmation of these findings and to determine the timing, dosage, and duration of therapy before recommending it as a routine practice.
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You can watch a Webcast of this AATS meeting presentation by going to: http://webcast.aats.org/2016/ Video/Monday/05-16-16_Ballroom_III_1615_Talwar-800. mp4. mechanisms, the next steps to determine is there a beneficial effect? What's the appropriate way to use it, and then hopefully begin to disseminate those findings and introduce this into clinical care?
I congratulate you on a great presentation and a very interesting study.
Dr Sachin Talwar (New Delhi, India). Thank you for your comments. I had the opportunity to look over the article that you had published in Pediatrics, I believe, and that article had 2 types of patients. A hypoplasts group and a nonhypoplast group. Whereas the hypoplasts group clearly benefited from allopurinol in terms of universal outcomes, the cardiac end points were not met. Patients in the nonhypoplast group clearly did not benefit.
Among the reasons was that these patients were neonates, and if you look at the population presented in our article, now the patients who are older. They are the patients who have chronic hypoxia, and they are the patients who have more hypertrophic muscle in the right ventricular outflow tract.
Such a patient may be ideal for allopurinol because these are the patients who are likely to have more hypoxic damage to the myocardium following cardiopulmonary bypass.
To be able to address whether allopurinol is going to be beneficial or not, we need a larger number of patients. We need multi-institution trials, and probably we need to define the exact dosage. And we also need to define what should be the optimal timing of the therapy.
I think the study in neonates, particularly where one is performing a circulatory arrest, may not be a very good way to address this problem because a lot of factors come into play in circulatory arrest and neurologic outcomes and all that. A single dose of the drug may not ameliorate all those effects of cardiopulmonary bypass.
So if one were to address that issue, then probably you need to extend the timing of the preoperative therapy. First, I think the way to move forward would be to have multi-institutional trials in simple patients like tetralogy of Fallot, study all records and look at the results. And then probably extend additional therapy and look at the neonates.
Dr Gaynor. Along those lines, another population might be the Fontan population.
Dr Talwar. Exactly. Dr Gaynor. Because we know the perioperative course after Fontan. But I think this is the type of thing where to find a therapy that is safe and hopefully effective is the holy grail that we are looking for. Particularly, if we can show that it is not, you know, many of these therapies you can measure a short-term outcome, but you don't show necessarily a benefit in longer-term outcome. My only comment regarding this excellent presentation is I believe that the amount of cyanosis over the long-term has a bigger influence on the free radical injury once you put a patient on bypass and follow him or her.
Dr Talwar. Yes. Dr Kumar. So the amount of hematocrit or cyanosis: Did you include that in your study, or would you like to include it in your study when you do a larger trial? Do you think that that will make an impact on the amount of the inflammatory markers you measured during the postoperative period? Dr Talwar. In fact, we did look at the amount of cyanosis as a predictor of outcome in both groups. But the degree of cyanosis was similar in both groups, and we did not find a difference in the patient demographic characteristics in the groups. Those data are in the article. The patient profile was similar in both groups.
Having said that, that brings us back to the same question. Should a patient who is bluer than the other patient get allopurinol in a different dose or for moderation? I do not know the answer to that question. Probably we need to have more studies to answer that question.
Dr Kumar. Same question, if you are operating a tetralogy at age 3 months, should he require allopurinol versus a patient who is undergoing operation at age 4 years? Dr Talwar. I do not know the answer, to be very honest. Dr Jennifer C. Hirsch-Romano (Ann Arbor, Mich). Final question. Are you expanding this to other patient populations in your center? Dr Talwar. Pardon me? Dr Hirsch-Romano. Are you expanding the use of allopurinol to other patient populations in your center? Dr Talwar. I think we will be doing that in the near future, and probably we will be coming out with studies in that direction also.
